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Àííîòàöèÿ
Ðàçâèòà ìàòåìàòè÷åñêàÿ ìîäåëü è ïðîâåäåíû ÷èñëåííûå èññëåäîâàíèÿ êîýôôèöèåíòà
àñïèðàöèè àýðîçîëÿ â ïàññèâíûé ïðîáîîòáîðíèê, óñòàíîâëåííûé íà áåñïèëîòíîì ëåòà-
òåëüíîì àïïàðàòå. Ïðîáîîòáîðíèê ïðåäñòàâëÿåò ñîáîé òîíêîñòåííóþ êîíè÷åñêóþ òðóá-
êó ñêâîçíîãî ñå÷åíèÿ, òå÷åíèå â êîòîðîé îáåñïå÷èâàåòñÿ äàâëåíèåì íàáåãàþùåãî ïîòîêà.
Âçâåøåííûå ÷àñòèöû óëàâëèâàþòñÿ ôèëüòðîì, óñòàíîâëåííûì âíóòðè òðóáêè. Â îòñóò-
ñòâèè âëèÿíèÿ ÷àñòèö íà ãàçîâûé ïîòîê íåñóùàÿ ñðåäà ðàññ÷èòûâàåòñÿ â ïðèáëèæåíèè
ïîòåíöèàëüíîãî òå÷åíèÿ íåñæèìàåìîãî ãàçà íà îñíîâå ìåòîäà ãðàíè÷íûõ ýëåìåíòîâ. Óðàâ-
íåíèÿ äâèæåíèÿ ÷àñòèö ðàññ÷èòûâàþòñÿ â íàéäåííîì ïîëå ñêîðîñòåé äëÿ îïðåäåëåíèÿ
êîýôôèöèåíòà àñïèðàöèè. Èññëåäîâàíà çàâèñèìîñòü êîýôôèöèåíòà àñïèðàöèè îò ÷èñëà
Ñòîêñà ïðè ðàçëè÷íîé ïðîíèöàåìîñòè ôèëüòðà.
Êëþ÷åâûå ñëîâà: àýðîçîëüíûé ïðîáîîòáîðíèê, ïîðèñòûé ýêðàí, êîýôôèöèåíò àñ-
ïèðàöèè
1. Ïîñòàíîâêà ïðîáëåìû
Áåçîïàñíûé ìîíèòîðèíã ðàäèîàêòèâíûõ àýðîçîëåé ìîæåò áûòü äîñòèãíóò ïðè
èñïîëüçîâàíèè áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòîâ (ÁËÀ) [1]. Â óêàçàííîé ðàáîòå
ðàçðàáîòàí àýðîçîëüíûé ïðîáîîòáîðíèê êîíè÷åñêîé ôîðìû ñ âíóòðåííèì ôèëü-
òðîì, òå÷åíèå â êîòîðîì îáåñïå÷èâàåòñÿ äàâëåíèåì íàáåãàþùåãî ïîòîêà. Ïðîáîîò-
áîðíèê ðàáîòàåò â äèàïàçîíå ñêîðîñòåé ÁËÀ 70-120 êì/÷àñ. Âçâåøåííûå ÷àñòèöû
îñàæäàþòñÿ íà ôèëüòðå âíóòðè ïðîáîîòáîðíèêà (ðèñ. 1). Ñêîðîñòü ïîòîêà âîçäóõà
â îáëàñòè ôèëüòðà ðåãóëèðóåòñÿ èçìåíåíèåì ïðîíèöàåìîñòè ìàòåðèàëà. Êîíè÷å-
ñêîå ðàñøèðåíèå âíóòðåííåãî âîçäóøíîãî ïîòîêà ïðèâîäèò ê óìåíüøåíèþ ñêîðî-
ñòè âîçäóõà ïåðåä ôèëüòðîì. Â ðàáîòå [1] èçó÷àëèñü ðàäèîàêòèâíûå àýðîçîëè ñ
ðàçìåðàìè 0,1-1 ìêì. Îïèñàííûé ïàññèâíûé êîíè÷åñêèé ïðîáîîòáîðíèê ñ ôèëü-
òðîì ìîæíî òàêæå èñïîëüçîâàòü äëÿ îòáîðà ïðîá ãðóáîäèñïåðñíûõ àýðîçîëåé.
Â ýòîì ñëó÷àå êîíöåíòðàöèÿ ÷àñòèö â íåâîçìóùåííîì ïîòîêå è â çîíå ôèëüòðà
ìîæåò îòëè÷àòüñÿ âñëåäñòâèå ïðîÿâëåíèÿ èõ èíåðöèîííîñòè. Â íàñòîÿùåé ðàáîòå
ïðåäëîæåíà ìàòåìàòè÷åñêàÿ ìîäåëü àñïèðàöèè àýðîçîëÿ â ïàññèâíûé êîíè÷åñêîé
ïðîáîîòáîðíèê óñòàíîâëåííûé íà ÁËÀ.
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Ðèñ. 1. Ñõåìà ïðîáîîòáîðíèêà ñ ïîðèñòûì ýêðàíîì
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2. Ìîäåëü îáòåêàíèÿ ïðîáîîòáîðíèêà ïîòîêîì ãàçà
Êðàåâàÿ çàäà÷à äëÿ ïîòåíöèàëüíîãî ïîòîêà ãàçà ðåøàåòñÿ ÷èñëåííî ïàíåëü-
íûì ìåòîäîì [2] â ïðèáëèæåíèè íåâÿçêîé îñåñèììåòðè÷íîé ìîäåëè íåñæèìàåìîé
æèäêîñòè. Ïîòåíöèàë ñêîðîñòè ïîòîêà ' â òåêóùåé òî÷êå (x; r) çàïèøåòñÿ êàê
'(x; r) = x 
NX
i=1
qi
4
Z Z Z
dxidridp
(x  xi)2 + r2 + r2i + 2rri cos 
; (1)
ãäå qi  èíòåíñèâíîñòü îñîáåííîñòåé (èñòî÷íèêè/ñòîêè), ðàñïîëîæåííûõ íà ïîâåðõ-
íîñòè ïðîáîîòáîðíèêà.
Ðàäèóñ âõîäíîãî îòâåðñòèÿ Rin ïðîáîîòáîðíèêà è ñêîðîñòü U1 íàáåãàþùå-
ãî ïîòîêà áåðóòñÿ â ìàñøòàáå êîîðäèíàò è ñêîðîñòåé. Âäàëè îò ïðîáîîòáîðíè-
êà çàäàåòñÿ åäèíè÷íàÿ ñêîðîñòü. Íà ñòåíêàõ ïðîáîîòáîðíèêà çàäàþòñÿ óñëîâèÿ
íåïðîòåêàíèÿ un = 0 . Óäîâëåòâîðÿÿ çàäàííûå óñëîâèÿ íà ãðàíèöå, ïîëó÷àåì
ñèñòåìó ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé äëÿ íåèçâåñòíûõ çíà÷åíèé qi . Ðå-
øèâ ïîëó÷åííóþ ñèñòåìó, êîìïîíåíòû ñêîðîñòè ìîæíî îïðåäåëèòü ïî ôîðìóëàì:
ux(x; r) = @'(x; r)=@x , ur(x; r) = @'(x; r)=@r . Ôèëüòð âíóòðè ïðîáîîòáîðíèêà ðàñ-
ñìàòðèâàåòñÿ êàê ïîðèñòûé ýêðàí. Ïðåäïîëàãàåòñÿ, ÷òî ïîòîê æèäêîñòè ÷åðåç
ôèëüòð ìîæåò áûòü îïèñàí çàêîíîì Äàðñè. Ïàäåíèå äàâëåíèÿ p , ÷åðåç ôèëüòð
ïðîïîðöèîíàëüíî ñêîðîñòè ãàçà â ôèëüòðå [3]
4p = U1Ux; (2)
ãäå U1  ñêîðîñòü íàáåãàþùåãî ïîòîêà, Ux  íîðìàëüíàÿ ñîñòàâëÿþùàÿ ñêîðîñòè
ôèëüòðàöèè,   ïëîòíîñòü âîçäóõà,   ïàðàìåòð, êîòîðûé îïðåäåëÿåò ïîðèñòûå
ñâîéñòâà ýêðàíà â òîì ÷èñëå åãî ïðîíèöàåìîñòü. Ïðåäåëüíûå çíà÷åíèÿ  = 0 è  !
1 ñîîòâåòñòâóþò ïîëíîñòüþ ïðîíèöàåìîìó ýêðàíó (ïðîáîîòáîðíèê áåç ôèëüòðà)
è íåïðîíèöàåìîìó ýêðàíó (ñïëîøíàÿ ñòåíêà).
Èñïîëüçóÿ òåîðåìó Áåðíóëëè äëÿ óñòàíîâèâøåãîñÿ äâèæåíèÿ èäåàëüíîé æèä-
êîñòè è ñîîòíîøåíèå (1), äëÿ ux çàïèøåì
Ux = U1(
p
2 + 1  ): (3)
Êîìïîíåíòû ñêîðîñòè âîçäóøíîãî ïîòîêà, ïîëó÷åííûå èç ÷èñëåííîãî ðåøåíèÿ
èñïîëüçóþòñÿ äëÿ ðàñ÷åòà òðàåêòîðèè â óðàâíåíèÿõ äâèæåíèÿ ÷àñòèö. Çíà÷åíèÿ
íà÷àëüíûõ îðäèíàò ïðåäåëüíûõ òðàåêòîðèé èñïîëüçóþòñÿ äëÿ ðàñ÷åòà êîýôôè-
öèåíòà àñïèðàöèè A . Îòíîøåíèå ñêîðîñòåé Ra = U1=Uin â ñâîáîäíîì ïîòîêå è
âî âõîäíîì ñå÷åíèè îáû÷íî èñïîëüçóåòñÿ â êà÷åñòâå ïàðàìåòðà äëÿ òîíêîñòåííûõ
àýðîçîëüíûõ ïðîáîîòáîðíèêîâ â ïîòîêå ãàçà. Â ñëó÷àå ïàññèâíîãî ïðîáîîòáîðíè-
êà ñ ôèëüòðîì, êîýôôèöèåíò àñïèðàöèè îöåíèâàëñÿ ñ ïîìîùüþ ïàðàìåòðîâ  è
 = (Rps=Rin)
2 , (Rin , Rps  ðàäèóñû âõîäíîãî ñå÷åíèÿ ïðîáîîòáîðíèêà è ïîðèñòîãî
ýêðàíà). Èñïîëüçóÿ óðàâíåíèå ñîõðàíåíèÿ ìàññû
UinR
2
in = UpsR
2
ps; (4)
è (2) çàïèøåì ñîîòíîøåíèå äëÿ Ra è  â âèäå
Ra =
1
(
p
2 + 1  ) : (5)
Âàðüèðóÿ ïàðàìåòðû  è  ìû ìîæåì íàéòè çíà÷åíèÿ, êîòîðûå îáåñïå÷àò íåîá-
õîäèìîå Ra , âêëþ÷àÿ èçîêèíåòè÷åñêèé ðåæèì. Íà ðèñóíêå 2 ïðèâåäåíû êàðòèíû
ëèíèé òîêà ãàçà â íîñîâîé îáëàñòè ïðîáîîòáîðíèêà äëÿ  = 48:025 [1] è ðàçíûõ
çíà÷åíèé  : a) îòñóòñòâèÿ ïîðèñòîãî ýêðàíà ( = 0); b) ðåæèì ðàáîòû ïðîáî-
îòáîðíèêà, áëèçêèé ê èçîêèíåòè÷åñêîìó ( = 27:5); c) ïîðèñòûé ýêðàí ñ ìàëîé
ïðîíèöàåìîñòüþ ( = 100).
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a) b) c)
Ðèñ. 2. Ëèíèè òîêà â îáëàñòè íîñîâîé ÷àñòè ïðîáîîòáîðíèêà äëÿ çíà÷åíèé  = 48:025 è
 : a) 0, b) 27.5, c) 100
3. Ðàñ÷åò êîýôôèöèåíòà àñïèðàöèè
Â ïðåäïîëîæåíèè äåéñòâèÿ çàêîíà àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ Ñòîêñà,
áåçðàçìåðíûå óðàâíåíèÿ äâèæåíèÿ àýðîçîëüíûõ ÷àñòèö ìîæíî çàïèñàòü ñëåäóþ-
ùèì îáðàçîì
dvx
dt
=
ux   vx
St
;
dvr
dt
=
ur   vr
St
;
dx
dt
= vx;
dr
dt
= vr; (6)
ãäå vx , vr è ux , ur  áåçðàçìåðíûå êîìïîíåíòû ñêîðîñòåé ÷àñòèö è ãàçîâîé ñðå-
äû, t  áåçðàçìåðíîå âðåìÿ, St = d2ppU1=18(2Rin)  ÷èñëî Ñòîêñà, dp è p 
äèàìåòð è ïëîòíîñòü ÷àñòèöû,   âÿçêîñòü âîçäóõà. Ðåøàÿ çàäà÷ó Êîøè äëÿ (6)
ñ íà÷àëüíûìè óñëîâèÿìè ïðè t = 0 : vx = 1 , vr = 0 , x = x0 , r = r0 ìû ìîæåì
îïðåäåëèòü òðàåêòîðèè ÷àñòèö. Â íåâîçìóùåííîì ïîòîêå âäàëè îò ïðîáîîòáîðíè-
êà ÷àñòèöû äâèæóòñÿ ïî íàïðàâëåíèþ îñè x . Ïóñòü Sp  ïëîùàäü ïîïåðå÷íîãî
ñå÷åíèÿ, îãðàíè÷åííîãî ïðåäåëüíîé òðàåêòîðèåé ÷àñòèö âäàëè îò ïðîáîîòáîðíèêà.
Ïðåäåëüíàÿ òðàåêòîðèÿ ÷àñòèö äåëèò ïîòîê àýðîçîëÿ íà äâå ÷àñòè: àñïèðèðóåìûå
è ïðîõîäÿùèå ìèìî ïðîáîîòáîðíèêà. Çíàÿ ïëîùàäü Sp è ðàñõîä âîçäóõà ÷åðåç
âõîäíîå îòâåðñòèå ïðîáîîòáîðíèêà Q = UsR
2
in , êîýôôèöèåíò àñïèðàöèè ìîæíî
ðàññ÷èòàòü ïî ôîðìóëå
A =
U1Sp
Q
=
R2p0U1
R2inUs
= RaR
2
p0; (7)
ãäå Rp0  íà÷àëüíàÿ îðäèíàòà ïðåäåëüíîé òðàåêòîðèè.
Ñðàâíåíèå çàâèñèìîñòåé (St) äëÿ ðàçëè÷íûõ Ra è  ïðèâåäåíî íà ðèñ. 2.
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Ðèñ. 3. A(St) äëÿ çíà÷åíèé Ra = 2 , Ra = 25 è  : 1   = 1 , 2   = 3:323 , 3   = 4:207 ,
4   = 48:025
Ïðè íåáîëüøîé ñêîðîñòè àñïèðàöèè (Ra = 2) êðèâûå A(St) ïðàêòè÷åñêè ñîâ-
ïàäàþò äëÿ öèëèíäðè÷åñêîãî è êîíèöåñêèõ ïðîáîîòáîðíèêîâ ñ ðàçíûì óãëîì ðàñ-
òâîðà êîíóñà. Ïðè äîñòàòî÷íî áîëüøèõ çíà÷åíèÿõ ñêîðîñòè àñïèðàöèè (Ra = 25)
4 Ñ.À. ÑÎËÎÂÜÅÂ, Ø.Õ. ÇÀÐÈÏÎÂ
íàáëþäàþòñÿ îòëè÷èÿ â ðàáîòå ìåæäó öèëèíäðè÷åñêèì è êîíè÷åñêèìè ïðîáîîò-
áîðíèêàìè â äèàïàçîíå èíåðöèîííûõ ÷àñòèö. Ïðè ýòîì îòëè÷èÿ êîýôôèöèåíòà
àñïèðàöèè äëÿ ðàçíûõ óãëîâ ðàñòâîðà êîíóñà íåçíà÷èòåëüíû.
Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ (ãðàíòû N 120100333,
14-01-31118).
Summary
S.A. Solov'ev, Sh.Kh. Zaripov. Mathematical model of aerosol sampler for an unmanned
aerial vehicle.
A mathematical model and numerical calculations of the coecient of aerosol aspiration
into a passive sampler mounted on unmanned aerial vehicles are realized. The sampler is a thin-
walled conical tube with interior ow wich is provided by the pressure of the incoming ow.
Suspended particles are trapped by the lter set inside the tube. In the absence of the eect
of particles inuence on the gas ow the carrier medium is calculated in the approximation of
an incompressible potential ow by the boundary element method. The equations of motion of
the particles is calculated in the velocity eld results to determine the coecient of aspiration.
The coecient of the aspiration depending on the Stokes number is studied.
Key words: aerosol sampler, porous screen, aspiration coecient
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